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Prcface

The past year of studying and programing equations for
flat-plate solar collectors has culminated in this thesis.
In it you will find an explanation of where the equations
came from and a cost analysis, as well as instructions on
now to operate the program. This program is set up in such
a way that it can be used as an instructional aid for a
solar energy course. The program has many parameters that
must be input wnich allows the program operator the flexi-
bility of changing or maintaining values of any parameters
to observe the effect on the entire system.

I express my appreciation especially to Dr. James
Hitchcock, my study advisor, for his tutoring and direction
and his willingness to advise my efforts. Without him,

none of this would have been completed.

Barry E. Prins
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Abstract

] This thesis is a computer simulation of a solar energy
system that utilizes flat-plate solar collectors. By using
available data from the U.S. Weather Bureau, the location
and orientat%on cf the collector, characteristics of the
collector, and the type of storage and back-up heat system
in use, it is possible to find the amount of solar energy
collected and transferred to storage. A life cycle cost
analysis can be accomplished by using financial data and an
inflation-discount function to reduce all costs to present
year dollars. By varying any of a number of paramcters the
operator can determine what effect it has on the amount of
energy collected and the life cycle costs. Results of
running the program for a solar water heater system indi-
cate that such a system is cost effective, when compared to
a gas water heater system, only when the federal ahd state

tax incentives were taken into account. However, electric~

ity is approximately three times as expensive as gas per
¢ BTU of energy gained so the solar energy system is econom-

ically feasible when compared to an electric water heating

system.




COMPUTER SIMULATION OF A SQOLAR ENERGY
SYSTEM WHICH UTILIZES FLAT-PLATE SOLAR COLLECTORS

. I Introduction

Background

Solar energy is a growing field of study, especially
since the o0il embargo of 1973. With gas lines and steadily
rising prices for petroleum products, and the continued
need for a clean environment, it is becoming apparent to
more Americans that non-fossil fuels must be utilized to
decrease our dependence on foreign oil and maintain a clean
environment. Solar energy is one type of energy that is
clean and available worldwide. With the rising prices of
petroleum products, solar energy becomes more and more eco-

nomically attractive.

Pur pose .

The purpose of this study was to write a computer pro-
gram to simulate a solar energy system that utilizes a
fixed flat-plate solar collector. The program is flexible
enough to allow for several different types of storage and
' energy transfer options, the types of systems that would be
used in a residence. A cost analysis is included so that
the amount of money saved can be calculated. The program

is designed for use as an instructional aid for a solar




energy course. The student is able to vary any of a number

of parameters to see what effect each has on the amount of

useful energy collected.

Scope

This program is limited to fixed flat-plate solar col-
lectors for several reasons. The flat-plate soclar collector
has considerable operating experience, is less expensive,
and is less complex than concentrating collectors so it
would be more likely to be used in a residence.

The program has three types of storage and energy trans-
fer at present. One is a simple system that uses water as
the collector fluid and as the storage fluid and uses only
one tank with no auxiliary heating, Fig 1. In this type

system, hot water is used only after the sun has heated it.

* flow

storaqe
toms

collector

Y =
) \"’ “ﬂhﬂ’

Fig 1, System 1




The second system uses water for both the collector and
storage fluids. It differs from system 1 in that it has a
storage tank and a conventional water heater, Fig 2. The
solar energy is used to heat the water in the storage tank
which in turn feeds into the conventional water heater.
This allows the water heater to draw its supply from the
hot water in the storage tank instead of from the outside

water source.

>— — .
| flow
$hM1q¢

towk

col l ecter
au.'d
: heat
Pump r I
‘ Coaventional
ooter eater

Fig 2. System 2

The third system is the same as system 2 with the e#-
ception of the collector fluid. In this systém an anti-
freeze type solution is used as the collector fluid and is
passed through a heat exchanger to transfer the energy to

the water in the storage tank. Fig 3.
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Fig 3. System 3

Additional systems can be added at a later date.

Appendix A consists of step by step instructions for
using the program, and a list of the input data cards is
contained in Appendix B.

i Appendix A and Appendix B are written so that they can
be extracted from the study and used with the computer pro-

gram as a self-contained package. Consequently, there is

some repetition between the main body and the appendices.




II The System Model

This section contains the equations that are used to
determine the amount of useful energy collected. Unless
otherwise referenced, these equations were used in the

works of Liu and Jordan (Ref 8 and Ref 9).

Collection Equations

Since the 1950's, much solar data has been collected
around the world. The U.S. Weather Bureau collects data in
almost 80 cities across the country using horizontally posi-
tioned pyrometers. Three items for each month, in each of
80 cities in the United States and Canada are tabulated in
Ref 9: the monthly average daily total radiation on a hori-
zontal surface (H); the monthly average daytime ambient
temperature (to); vand the long-term average clearness
index (R&). Using these values and known values of the
orientation and location of the collector, it is possible to
find the amount of radiant energy that reaches the collector.

Once the energy reaching the collector is known, it is
combined with specific values of the collector character-
istics to find the useful energy collected. This is then
combined with properties of the energy transfer and storage
system to determine the amount of energy actually stored.

By combining the energy actually stored, the heating load,




the costs for the solar energy system, and the cost for a
conventional heating system, it is possible to determine
the amount of money saved by using the solar energy system.
The amount of energy that reaches the collector is a
function of the orientation of the collector relative to
the Earth, the position of the Earth relative to the sun,
and the effects of the atmosphere on the radiation.
The declination (§) is the angular position of the sun
at solar noon with respect to the plane of the Earth's
equator, with angles north of the equator positive. It can

be determined by the approximate equation:

284 + n

6§ = 23.45 x sin (27 x 365

) (1)

where n is the day of the year (i.e., on January 1l, n =1
and on December 31, n = 365).
The sunset hour angle for a horizontal surface (ws),

measured from solar noon, is given by the equation:
ws = arcsin (- tan ¢ x tan §) (2)

where ¢ is the latitude of the collector, north positive.
For a horizontal collector and for a tilted collector

facing due south, the sunrise and sunset hour angles are the

same magnitude. The sunset hour angle is measured as pos-

itive and the sunrise hour angle is measured as negative.




If the tilted collector is not facing due south, then the
sunrise and sunset hour angles are not the same magnitude.
If the collector is facing east of due south (i.e., y < 0)
then the following equations apply for the sunrise (wsr)

and sunset (wss) hour angles (Ref 7):

wsr = - minimum {ws, cos-l ((AB + /Az _ B2 + leA?-fl)D
(2a)

.. -1
minimum {ws, cos ((aB - /AZ + BZ + leA?-Fl)ﬂ
(2b)

wss

If the collector is facing west of due south (i.e. y > 0)
then the sunset and sunrise hour angles are given by the

equations:

- minimum {ws, cos"1 [(aB - /AZ + B2 + 1LNA?'+1)B

WwsY =
(2¢)
wss = minimum {ws, cos"1 [(aB - /Az N BZ + leAZ-Fl)D
(24)
_ cos ¢ sin ¢
where A = sin vy tan s tan v (2e)
_ cos ¢ _ sin ¢
B=tan$ |fGah v = siny tan é] (2£)




By comparing the hour angle to the sunrise and sunset

hour angles it is possible to determine if the sun is above
the horizon and in front of the collector. If the sun is
in front of the collector and above the horizon then solar
energy will be collected.

The long-term clearness index (KT) is the fraction of
the extraterrestrial radiation on a horizontal surface that
is transmitted through the atmosphere. It is a function of
cloudiness, humidity, air pollution and suspended particu-
late matter. Generally, the long-term clearness index for
a given locality is between .3 and .75. Most localities are
close enough to one of the U.S. Weather Bureau reporting

stations to use the measured values of H. The long-term

clearness index can be determined by using the equation:
-
Kn = 7 (3)

where Ho is the extraterrestrial radiation on a horizontal

surface and is given by the equation:

24 2Tn

Ho = = X 432 x (1 + .033 x cos §€§) X
s
{cos 8§ cos ¢ sin ws +’sin $ sin §) (4)

where 432 is the solar constant in BTU/hr - sq. ft.




Using experimental data, Liu and Jordan (Ref 8) have
shown that the ratio of the monthly average daily diffuse
radiation to monthly average daily total radiation ( 2 ) H

H ‘

is a function of the monthly average long-term clearness

index. They plotted a curve through the data points but
gave no formuyla for the curve. It was found that using the i
following equations results in a close approximation of the
curve. J
D-1.2-2.0%, it ®r< .35 (5)
H
D= .79 - .83 K> .35
H

These equations show that for smaller values of KT , a
greater percentage of the radiation is diffuse because there
are more particles in the air to absorb and scatter the
radiation.

The angle between the collector surface normal and the

Sun's rays is found by the equation:

cos et = gin 6 sin ¢ cos S - sin § cos ¢ sin S cos ¥y

+ cos 8§ cos ¢ cos w ccs S

+ cos § sin ¢ cos w sin S cos a

+ cos 6 sin S sin v sin w
(6)




where <y 1is the collector azimuth angle (i.e., the angle

between the colliector surface normal and the local meridian),
with angles to the west measured positive, and w is the

hour angle measured from solar noon with afternoon hours

positive (one hour = 15 degrees = .2618 radians), and S is
the slope of the collector, from horizontal.
The solar zenith angle (i.e., the angle between the

sun's rays and the local vertical) is given by the equation:

cos ez = cos ¢ cos § cos w + sin ¢ sin § (7)

east

souyk

Fig 4. Diagram of et and ez
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The total radiation reaching the collector is the sum of
the direct radiation, the diffuse sky radiation and the
diffuse radiation reflected from the ground.

To find the ratio of direct radiation on a tilted sur-
face to direct radiation on a horizontal surface use the
equation:

C Ot

_ cos
Rb cos Oz (8)

The conversion factor to find the diffuse sky radiation,
assuming uniform intensity, is % (1 + cos S). The con-
version factor to find the diffuse ground reflected radia-

tion is % (1 - cos S) pg, is the ground reflectance found

from equation:
pg = .2 + .5C (9)

where C is the fraction of the time during the month where
snow of greater than 1 inch thickness is present.

To convert these quantities from daily to hourly values
two more equations are needed. The ratio of hourly diffuse
radiation on a horizontal surface to daily diffuse radiation

on a horizontal surface is given by the equation:

c. = L " (cos w = cos ws)
a 24 (sin ws ~ wsS cos ws)

(10)

11




The ratio of hourly total radiation on a horizontal sur-
face to daily total radiation on a horizontal surface (rt)
is also given by equation (10). Whillier (Ref 11) and
Hottel and Whillier (Ref 5) have shown that the experimen-
tally obtained ratios r, are different than those computed
by equation (10). However, modifying the equation by
shifting the curves six degrees (.1047 radians) results in

a more accurate approximation. The equation than becomes:

r = x (cosw - cos (ws ~- .1047)
t 24 7 (sin (ws - .1047) - (ws - .1047) cos (ws -~ .1047) (11)

Combining these factors it is possible to find the
monthly average ratio of total radiation on a tilted sur-
face to total radiation on a horizontal surface by using the

eguation of Liu and Jordan (Ref 9):

r —
1 d D
)Pb+7(l+coss) —-rt g7t

r
R=@--2
t

(1 - cos S) pg (12)

Stol
-

Using this value it is now possible to find the monthly

average instantaneous total radiation on a tilted surface by:
I, =RrH (13)

The amount of solar radiation that is actually collected
is a function of the collector material, the number of
covers on the collector, the ambient temperature, and the

amount of radiation reaching the collector. Of the




radiation incident on the collector, some is reflected,
some is absorbed by the cover material, and the rest is
transmitted through the cover material. The radiation that
is transmitted is refracted whenever the radiation strikes

the cover obliquely.

Coveyr

abﬁorbex'iﬁg}c,
l Q/shQCA avea,

Fig 5. Diagram showing refraction and shading

The angle ( © ) between the surface normal and the Sun's

rays within the cover material is found using Snell's Law:

.0
sin 6 = 840t 4f O oo (14)
nc
o =0, if %t =0 (15)

where No is the index of refraction of the cover material.

13




The amount of radiation that reaches the absorber plate
is a function of the number of covers and the transmittance
of those covers. Some of the radiation that is transmitted
through the first cover will be reflected back out by the
second cover. Part of this reflected radiation is then re-
reflected from the first cover back to the second cover as

shown in Fig 6.

Cover 1

Fig 6. Diagram showing reflection in cover
system

The transmittance for CN covers (CN is the number of
covers), taking into account the radiation reflected, is

given by the equation (Ref 4):

14




l-op

Tr,CN ST ¥ (ZoN-1D) o (16)

where p is the reflectivity of the cover material. This
relationship holds for each of the two components of
unpolarized light. The transmittance, accounting for re-
flectance is found by taking the average of the two com-
ponents. Fresnel has derived a relation for the reflec-
tivity when unpolarized light passes from one medium to
another that accounts for each of the components of polar-

ized light:

2 0 _0
p, = EiR ( t) | hen 0, > 0 (17a)
sin (0 + Gt)
2,0 o
b, = tan 2( = %) | when 0, > 0 (17b)
tan “( 0 + @t)

To find the transmittance, equation (16) is solved first
with p = Py and then with p = Py and the average value
of the two is the transmittance, accounting for reflection.
If et = 0, then the reflectivity is found by combining

Fresnel's Law and Snell's Law, which results in:

2
- e -1
p = ﬁ;‘?‘T (18)

15
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Each time the radiation strikes a cover, part of the
radiation is absorbed by the cover material. The trans-
mittance of CN covers, accounting for absorption, is given

by the equation (Ref 4).

=e K x CN x tc/cos e

T (19)

a,CN

where K is the extinction coefficient of the cover mate-
rial and tc is the thickness of a cover. The total

transmittance (TC is simply the product of the two

N
(Ref 4).

X T (20)

Ten © Tr, oN a, CN

This is a good equation as long as K x CN x tc/cos 0 is
small, which is met in solar collectors at angles of prac-
tical interest.

When the radiation reaches the absorber plate most is
absorbed, however, some is reflected back to the cover
system where some of this reflected radiation is absorbed
by the cover material, some transmitted and some reflected
back to the absorber plate. This is shown in Fig 7, where

a is the absorptance of the absorber plate.

16
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Sun's
MQP
Coveyr sqs*em
(-2 (=) e,
T
—_—Y absorber late
T« & \ ?:.z(m:\e‘ F

Fig 7. Diagram sihowing reflection and
absorption o0f absorber plate

The transmittance - absorptance product that accounts for

this reflected radiation is given by the equation (Ref 4):

T
_ CN a

T

where Pa is the diffuse reflectance of the cover system.

The absorptance of the absorber plate is dependent on
the type of surface coating used and the angle of incidence.
The manufacturer will list the normal incidence value of
absorptance. Values as high as .98 are found when using

special coatings designed for absorber plates. The values

17




are lower for larger angles of incidence. The values for

a / a, at angles of incidence from zero to 90 degrees can

be approximated by the equation:

a —
5 = cos 0 (22)

where an is the absorptance at normal incidence. This
equation proved highly accurate for Ot less than 60
degree55

The transmittance-absorptance product that accounts for
the reduction in heat loss due to absorption is found using

the equation (Ref 4):

(ta) =ta + (L +1_ ~) I a,7,-1 (23)
where a; is the ratio of the overall loss coefficient to
the loss coefficient of the ith cover to the surroundings.
It is a function of the emittance of the absorber plate and
the wind speed. For a wind speed of 5 meters/second and an
emittance of .95 the ai's are: with one cover, a, = $2;

with two covers, a, = .15 and a, = .62; with three covers,

a1 = ,14, a, = .45, and a3 = ,75. (Ref 4)

There are two other factors involved in finding the
effective transmittance-absorptance product. They are the

shading factor and the dirt factor. The shading factor (SF)

18
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is a fraction which shows how much of the absorbor plate is
shaded by the side of the collector whenever the angle of
incidence is not normal to the collector. As shown in

Fig 5, the shading factor is found by using the equation:

CN
SF 78 tan © (24)

The dirt factor (DF) is a measure of the amount the radiation
is reduced because of dirt on the cover. Unless a dirt
factor is known from previous testing, a recommended value
is .02.

Using the shading factor and the dirt factor it is pos-
sible to find the effective transmittance-absorptance prod-

uct:
(tTa) = .98 (1 - SF) (1 - DF) (1) (25)

where .98 is a factor used by Liu and Jordan (Ref 9) to
account for diffuse radiation, which is a small part of the
total radiation.

The energy collected is a function of the effective
radiation érriving at the absorber plate, the heat removal
efficiency (FR) of the collector, and the utilizability.
Utilizability is the name given by Hottel and Whillier
(Ref 5) to the dimensionless efficiency factor that is the
fraction of the incident radiation that can be collected,

or utilized, by an idealized collector (i.e., one that has

19
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FR = 1 and (Ta) = 1. The utilizability is not 1 because
of the heat loss through the sides, back and cover plates
of the collector.

The critical radiation (Ic) is the irradiation at
which energy is collected by and lost from the collector at
the same rate. When this is known the collector system can
be used effectively by having the collector fluid moving
through the collector when it will collect energy (i.e.,
incident radiation greater than Ic) and not moving when it
will give up energy. The ratio of critical radiation to
monthly average instantaneous total radiation is given by

the equation:

:S _ 0] (tl - to)
Tpe (T0) I, (26)

where U is the heat loss coefficient of the collector, tl

is the temperature of the fluid entering the collector, and
to is the average ambient air temperature.
Using the long term clearness index and the chart in

Table 1, (Ref 8) it is possible to find the ratio of instan-
taneous radiation to monthly average instantaneous radiation

on a tilted surface using the following equations:

2
T

(2.32 K., = 3.22) K

D
H

D.
H

T + 1, if KT < ,75

= ,17, if KT > .75
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X

ot

1
D + 5 (1L +cos S) "dD
HJ 2 r_ H

Y
0
f ’_4;
|
HIH
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Liu and Jordan (Ref 9) have shown that with statisti-~
cal data, a curve can be plotted as in Fig 8, where the
shaded area under the curve is the utilizability and is

given by the equation:
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The curve shown in Fig 8 is for one value of KT . There
are a whole family of curves, one for each value of R& .
The curves are valid for hourly and daily data. Liu and
Jordan‘also showed that there are generalized KT curves
valid for monthly values. Fig 9 is a graphical represent-

ation of the values in Table 1.
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Table 1. Generalized Monthly KT Curve
Value of £
K

T I .3 .4 .5 .6 .7
.04 .073 . 015 .001 .000 .000
.08 .162 .070 .023 .008 .000
.12 .245 .129 . 045 .021 .007
.16 .299 .190 .082 .039 .007
.20 .395 .249 .121 .053 .007
.24 .496 .298 .160 .076 .007
.28 .513 .346 .194 .101 .013
.32 .579 .379 .234 .126 .013
.36 .628 .438 .277 .152 .027
.40 .687 .493 .323 .191 .034
.44 .748 .545 .358 .235 .047
.48 .793 .601 .400 .269 .054
.52 .824 .654 .460 .310 .081
.56 .861 .719 .509 . 360 .128
.60 .904 .760 .614 .410 .161
.64 .936 .827 .703 .467 .228
.68 .953 .888 .792 .538 . 295
.72 .967 - .931 .873 .648 .517
.76 .979 .967 .945 .758 .678
.80 .986 .981 .980 .884 .859
.84 .993 .997 .993 .945 .940
.88 .995 .999 1.000 .985 .980
.92 .998 .999 .996
.96 .998 1.000 .999

1.00 1.000 1.000
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Using the generalized curves it is possible to approximate
the performance of the collector.

To find the utilizability, the shaded area under the
curve in Fig 10 must be found. The curve is divided hor-
izontally into any number of segments. Fig 10, as an
example, uses 10 intervals. Shift these intervals to the
left so that half of the first interval is cut off, i.e.,
the first interval goes from £ =0 to f = .05. Each
successive interval is .1 wide, except for the 1llth inter-
val which goes from £ = .95 to f = 1. Using the value
of f at the midpoint of each interval excluding intervals
1 and 11, enter Table 1 and find the value for KT for

the given long term clearness index. Interpolation will be

necessary unless the K happens to be one of the values

T
of f. This value of Kn is then used in equations (27)
through (30). This results in a value of ITt . By sub-
Ipe
I I
tracting the value of — from the value of — and
Ire Ire

multiplying it by the width of the section (in this example
.1l) the area under the curve and above the Ic value for

Ire

each section from £ = .05 to £ = .95 is found. For

section 1 and section 11 the width of the section is .05

instead of .1. If any section is negative it means energy




would be lost from the collector so that value of

—
H

Tt c

is set equal to zero., Adding all the sections

I

Tt Tt

Hw

together gives the value of the utilizability.

In some systems it may be desirable to use one fluid
for collection and another for storage and a heat exchanger
to transfer the heat. There are several reasons for this:

1. Water might freeze in the collector on cold nights

and damage the collector.

2. Water might corrode the collector if more expensive
corrosive-proof materials are not used. ]

If this system is used there is a loss of efficiency
in the heat exchanger because the collector fluid temper- |
ature is raised.

F. de Winter (Ref 3) found a factor that makes it pos-
sible to find the amount of heat transferred when using a
separate fluid in the collector and using a heat exchanger
to transfer the heat to the storage fluid. 1In using this
factor, the temperature difference used to find Ic no
longer is the difference between the collector fluid going

into the collector and the ambient temperature. It is now

the difference between the temperature of the storage fluid

as it enters the heat exchanger and the ambient temperature.
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The heat exchanger factor is given by the equation:

FR' = FR

B FRU
1+ (G ('E_:;:f\')f 1) (31)

where G 1is the mass flow rate of the collector fluid
divided by the area of the collector, Cp is the specific
heat at constant pressure of the collector fluid, and EFF
is the efficiency of the heat exchanger.

This equation can be used for a system that just uses
water as a collector fluid and storage fluid with no heat
exchanger by designating the efficiency of the heat ex~
changer as 1 When this is done, the equation becomes
FR' = FR.

The amount of heat transferred to storage then becomes:

Q=ACxFR+'I'TtxUTx(m) (32)
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B. Energy Transfer and Storage

Using the amount of energy being transferred to storage,
the amount of energy being taken from the system and the
characteristics of the storage tank, it is possible to
determine the temperature of the storage fluid, the amount
of backup energy required and the total energy required.

If a system similar to system 1 is used (Fig 1), the
equation to find the new storage fluid temperature each

hour is (Ref 4):

T =7 + (Q - UA (T
o}

new old - TROOM) )/MASS (33)

14

where TROOM is the temperature of the air in the room
that encloses the storage tank, MASS 1is the amount of
water in storage, and UA is the heat loss coefficient-

area product given by the equation:
UA = k x AREA/thc (34)

where K 1is the conductivity of the insulation material,
AREA is the surface area of the storage tank and thc is
the thickness of thé insulation. With this system there is
no auxiliary, or backup, energy source, so the npcrator
must wait each day until enough solar energy has been
utilized to raise the temperature of the water to the de-

sired level. Consequently, no load has been included anqd

this equation will only give the temperature of the water

each hour.
28




If the collector and storage system are similar to
system 2 (Fig 2), then the following equation is used to
find the temperature each hour (Ref 4):

T =T + (Q-L - UA (T
o

- TROOM) )/MASS (35)
new old

1d

where 1L 1is the load in BTU removed from the storage tank
to the conventional water heater and is found by the

equation:

L=HL xCPS (T - T, ) x 8.336 (36)
n in

ew

where HL 1is the hourly load, in gallons, on the water
heater, Tin is the temperature of the water as it enters
the system from the water main and 8.336 is the conversion
factor to convert from gallons to pounds.

The conventional water heater draws its water from the
storage tank. If the temperature of the water in the
storage tank is below the specified temperature of the
water. The amount of energy required is found by the

equation:

= HL X CPS (T_ - T .
Q. ux ( 5 ey X 8336 (37)

where T5 is the specified temperature for the hot water.
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If the system in use is similar to system 3 (Fig 3),

then the equation to use is:

~ TROOM
a ) ) (38)

MASS x CPS

(Q - L -UA (Tol

The backup energy used is the same as used in system 2.

Summing values for Q, Qaux and L for all hours of

the day énd then multiplying by the number of days in the
montin results in the monthly solar energy usage, backup
energy usage and load. The percentage of energy usage
supplied by solar is then simply the solar usage divided

by the total energy usage.
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III Cost Analysis

A cost a2nalysis must be done over a long term to provide
any kind of accuracy. The program takes each monthly value
and adds it to previous monthly values to give a year-to-
date figure.

To be cost effective a solar energy system must have
more in fuel costs than the cost of buying and maintaining
the system.

Numerous items must be considered. These include the
cost of fuel, inflation, property taxes, income taxes,
insurance and maintenance, as well as the initial cost of
the solar system equipment. A life cycle cost analysis
method similar to that used by Beckman, Klein and Duffie
(Ref 2) is used in this program. This method makes it
possible to compare future costs with today's costs by
reducing all costs to present worth. In other words, how
much would have to be invested today in order to have a
certain amount available at some future data to meet anti-
cipated costs. The cost for heating is calculated for each
year of the life of the system, and then these costs are
discounted to the present value and then summed to find
the life cycle cost. After figuring all future costs and
discounting them to present value, it is possible to see if

any money will be saved by installing a solar energy system.
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Life cycle cost analysis is considered by many econo-

mists as the surest approach in economic decision making
(Ref 10). However, it does have one major drawback. The
costs and interest rates.must be predicted into the future.
If the future costs assumptions are made too pessimistic-
ally, the system may not be cost effective, and if the
assumptions are too optimistic the predicted life cycle
savings may be far greater than will actually be realized.
It is left up to the operator to determine if the assump-
tions are right.

The yearly cost of a solar energy system or any other
energy system include the annual payment for principal and
interest to buy the equipment, fuel costs, maintenance and
insurance costs and property tax. This may be reduced by
a tax savings. By finding the life cycle costs for both
the solar energy system and a conventional system, a com-
parison can be made to find if the solar system is cost
effective. This type of analysis is called a savings
analysis and is useful because it is not necessary to
evaluate costs that are common to both systems, for example,
much of the duct work would probably be the same with
either system. 1In using this savings method a negative

value for savings is possible, which means the system costs

more than it saves and you would lose money.




Solar savings for a residence is the sum of the fuel

savings and-the tax savings minus the sum of extra payments
for the equipment, extra insurance and waintenance and
extra property taxes. The tax savings is the sum of extra
interest paid plus extra property tax paid all multiplied
by the tax rdte.

It is assumed that over the term of analysis the costs
are inflating at a fixed percentage per year. Individual
yearly inflation and discount rates throughout the term
may fluctuate, but over the entire term, average values
are used. The discount rate is the best alternative
investment for the prospective solar energy system owner,
for example, long-term certificates of deposit or bonds.
To calculate the costs based on inflation, an inflation-
discount function is used. This function is given by the

equation (Ref 2):

= 1 1+iN
DI—d_il-l-(1+3)-’,ifi=d (39)
DI = N/(1 + i), if i = 4 (40)

where 1 is the yearly inflation rate, d is the yearly

discount rate and N is the number of years the life cycle

cost analysis is to run.
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The following figures must be input into the program by
the operator:

1. The annual mortgage interest rate that would be paid
on a loan secured to purchase the solar equipment.

2. The number of years you would be making payments on
the loan.

3. The downpayment as a fraction of the initial invest-
ment, e.g., 10 percent down.

4. Costs of equipment that are dependent on the area
of the collector. These costs include the cost of the
collector, labor for installation, possible credits for
savings on the roof, expenses for roof support modifications,
part of the storage unit and all other costs that increase
in proportion to the collector area. This cost is entered
as a cost per unit of collector area.

5. Costs of equipment that are independent of the col-
lector area. These costs include the cost of pumps, fans,
controls, extra ductwork, heat exchangers, the rest of the
storage unit and all other costs that do not increase in
proportion to the collector area. This term is just
measured in dollars,

There are two separate costs listed for fuel for heaters,
a backup heater and a conventional heater. For a water
heating system the backup heater and the conventional

heater are probably the same unit. However, for space
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heating, they could be different. For instance, the backup
furnace might be a woodburning stove and a conventional gas

furnace could be installed in the home already, so the

comparison would be between what the costs are for the solar/
wood burning stove and the costs for gas for the conven-
tional furnace.

6. Present cost of fuel used by the solar system back-
up heater. This is the cost of fuel for the first year and
is entered as cost per amount of energy, e.g., dollars per

million BTU. The heating values of different fuels are

(Ref 2):
Natural gas 1100 BTU/cu. ft.
Fuel oil 140000 BTU/gal
Electricity 3400 BTU/kW-hr.

7. Present cost éf fuel for the conventional system
heater. This is entered in the same manner as entry 6.
] 8. Efficiency of solar backup.

9. Efficiency of conventional heater.

10. The property tax rate as a fraction of the initial
investment. If the assessed valuation of the residence is
increased when a solar energy system is added, then more
taxes will be paid. This entry is used to calculate the
dollars paid in taxes on each dollar invested.

11, Effective income tax bracket. Most of the tax

savings are in the form of income tax deductions. The
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effective income tax bracket is a combination of state and

federal tax brackets: the sum of the two minus the product
of the two, assuming the same deductions are allowed for
state and federal taxes.. The sum of the two is reduced by
the product of the two when the state taxes are deducted
from federal taxes.

12. Extra insurance and maintenance costs as a fraction
of the initial cost. The extra insurance is the premium
increase because of the increase in value of the house. The
maintenance cost is the total amount of maintenance anti-
cipated over the life cycle divided by the life cycle.

13. General inflation rate per year. This is the
average yearly inflation rate for the life cycle.

14. Fuel inflation rate. This 1is the average yearly
inflation rate of the cost of fuel.

15. Discount rate. This is the after tax return on
the best alternative investment.

l16. Term of economic analysis. This is the number of
years the analysis is to cover. It can be the term of the
mortgage, the expected life of the system, or any other
time frame.

17. First year non-solar fuel expense. This is the
cost of conventional fuel for the first year that would be
paid if a solar system was not installed.

Now the inflation-discount function is used to determine
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costs in present value. AA is the function value with an
inflation rate equal to the fuel inflation rate, a discount
rate equal to the discount rate and figured over the term
of economic analysis. BB 1is the like AA except that the
inflation rate is equal to the general inflation rate. CC
is the function with an inflation rate equal to the annual
mortgage interest rate, a discount rate equal to the dis-
count rate and figured over the term of the mortgage or the
term of the economic analysis, whichever is shorter. EE is
the function with an inflation rate of zero, a discount
rate equal to the annual mortgage interest rate and figured
over the term of the mortgage. FF is the function with an
inflation rate of zero, a discount rate egual to the dis-
count rate and figured over the term of the mortgage or

the term of economic analysis, whichever is shorter.

AA and BB represent the sum of present value of all
yearly payments of expenses that are inflating. CC, EE
and FF are used for loan calculations.

To find the present value of the payments (GG) on a loan
of one dollar borrowed for the term of mortgage with an
interest rate equal to the annual interest rate and a dis-
count rate equal to the discount rate, divide FF by EE.

To find the present value of all interest paid (HH) on

the one dollar loan use the following equation:
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HH = GG + CC (AMIR - El—E) (41)

where AMIR is the annual mortgage interest rate.
To find the life cycle capital cost (II) as a fraction

of the initial investment use the equation:
II = DNPMT + (1 - DNPMT) (GG - HH x TAXBRKT) (42)

where DNPMT is the down payment as a fraction of the
initial cost, and TAXBRKT is the effective income tax
bracket.

To find the insurance and maintenance costs (JJ) as a
fraction of the initial investment, use the following

equation:
JJ = BB (EXTINS) (43)

where EXTINS is the extra insurance and maintenance costs
as a fraction of the initial investment.
To find the property tax (KK) as a fraction of the

initial investment use the following equation:

KK = (TAXRT) BB (1 ~ TAXBRKT) (44)

where TAXRT is the property tax rate as a fraction of the
initial cost.

To find the total life cycle cost as a fraction of the
initial investment use the equation:
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00 = II + JJ + KK (45)

It is now possible to perform the calculations to find
the life cycle savings of the solar energy system. The
total investment in solar (R3) is found by using the

following equation:
R3 = AC x AREACST + ARINCST (46)

where AREACST 1is the cost of equipment that is dependent
on the collector area, and ARINCST is the cost of equip-
ment that is independent of the collector area.

The first year fuel expense (R4) is the cost of fuel
with a solar energy system in use. It is found using the

equation:
R4 = TLOAD (1 - R2) BUFCOST/BUEFF (47)

where TLOAD is the yearly load in BTU, R2 is the percent-
age of the energy supplied by the solar system, BUFCOST is

the cost of fuel for the backup heater and BUEFF is the

efficiency of the backup heater.

The fuel savings is found by subtracting R4 from the
first year non-solar fuel expense to find the first year
value and then multiplying it by AA to get the life cycle

savings.
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The expenses for the residence are found by takiné R3

and multiplying by 00 to get the life cycle costs. The

it L i e

life cycle savings are the difference between the fuel

savings and residential expenses.
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IV System Simulation

The program was used to simulate a residence in

Columbus, Ohio The day ambient temperature, radiation,
F temperature in the room, and the number of days in the month

are given in .Table 2. The other values that were used are:

1. Latitude - 40 degrees i

2. Dirt Factor - .02 1

3. Percent of time more than one inch of snow present
- 0.

4., Number of covers - 2

5. Slope of the collector - 55 degrees

6. Azimuth angle - 0 degrees

7. Area of collector - 50 sq. ft.
8. Thickness of cover material - .23 cm.
9. Extinction coefficient of cover material - .l6l/cm.
10. .Index of refract%on of cover material - 1.526
: }l. Absorbtivity of thé absorber plate - .95
12, Heat removal efficiency - .9
13. Heat loss coe{ficient - .7

14. Flow rate ofrcollector fluid - 550 lb/hr (based on

a flow rate of .022 gal/min/sq. ft.

15. Specifff heat of collector fluid - i

el
-

l6. " Initial{tempgfature of fluid in storage - 70.2

degrees F.

[}
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17.
18.
19.
20.

21.

22'
23.

24.
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.
3s.
36.
37.

Temperature of water from main - 55 degrees F
Efficiency of heat exchanger - 1

System in use - 2

Amount of water in storage - 80 gallons (based on
1.6 gallons of storage per square foot of collector)

Surface area of the storage tank - 28.1 sg. ft.

(based on a tank that is two and one-half times as
tall as it is in diameter)

Thickness of insulation around storage tank - 3. in. i

.25 BTU - in.
hr - sq.ft. -F

Conductivity of insulating material -

Specific heat of storage fluid - 1

Number of days to run - 1

Daily hot water usage - 100 gallons

Annual mortgage interest rate - 15 percent

Term of mortgage - varied (20 years, 10 years,

5 years)

Down payment - 10 percent

Fuel cost for backup heater - $3.26/million BTU

Fuel cost for conventional heater - $3;26/million BTU
Efficiency of backup heater - .55

Efficiency of conventional heater - .55

Property tax rate -~ 0.0
Tax bracket - .40
Extra insurance and maintenance costs - .01

General inflation rate - 8 percent
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38.
39.
40.
41.

42.

Fuel inflation rate - 12 percent

Discount rate - varied (6 percent, 8 percent)
Term of analysis - 20 years
Area dependent cost - $20/sq. ft.

Area independent cost - $1000
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Table 2. Average Monthly Data for Columbus, Ohio

Average
‘ Daily
- Radiation
Ambient on a Room Number
Temp Horizontal Temp of Days
Month Day °F Surface °F in Month
Jan 17 27.2 472 68 31
Feb 47 29.8 737 68 28
Mar 75 39.5 1095 68 31
Apr 105 51.7 1442 70 30
May 135 61.0 1737 75 31
Jun 162 70.8 2072 80 30
Jul 198 74.5 1998 80 : 31
Aug 228 72.8 1759 80 31
Sep 258 66.3 1556 75 30
Oct 288 55.3 1054 70 31
Nov 318 41.8 649 68 30
Dec 344 33.2 476 68 31
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In this simulation the collector size, the term of the
mortgage and the discount rate were varied while the other
parameters were held constant. The fuel cost is the cost
for natural gas, which is approximately one-third the cost
of electricity, so if any other fuel were used, the savings
would be greater.

When the term of the mortgage was increased, the
savings were shown to decrease (Table 3). This is under-
standable because when a given amount is borrowed, the
longer the term of the loan the more interest is paid.

The discount rate had two effects on the savings. First,
when it was increased from 6 percent to 8 percent the
amount of savings was reduced by over 50 percent. Second,
when the discount rate was increased the most cost-effective
size of the collector was reduced. This just shows that if
the discount rate is high enough, it will be more economically
feasible to invest the money elsewhere instead of purchasing
solar equipment.

Varying the size of the collector showed how to find
the most cost-effective area. With the collector too
large the temperature in the storage tank gets too high and
the conventional water heater will vent the excess pressure.
This is then energy that is wasted. When the water in the
storage tank gets hotter, more heat is lost to the room

because of the larger temperature difference. As shown in
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Table 4, the percent of the solar energy that is collected
which is then lost to the room increases with increasing
collector size. The data in Table 4 also takes into
account the amount of temperature gain from January 1 to
December 31. With all collector sizes, the temperature in
the late afternoon was highest during the months from July
through October (Table 4). The temperatures given are for
average days for each month, so for days that are above
average in the amount of enexgy collected will have even
higher temperatures. So it is easy to see that with col-
lectors of 85 or 100 sguare feet the temperature in storage
will be too high and energy will be lost. With a storage
tank that is inside the residence the heat that is lost to
the air simply adds to the air conditioning locad during the
hotter months, and reduces the heating load in the colder
months. If this facet is disregarded, then the most cost-
effective size of collector can be found from Table 3.
Considering the higher temperatures with the larger col-

lector areas, my choice would be a 75 square foot collector.
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Appendix A

Program Instructions

Tais program is a simulation of a solar energy system
for use on a small scale, such as in a residence. It is
designed to allow tae operator to change any of a number of
variables to find what effect the variable has on the use-
ful energy collected. It also allows the operator to per-
form a cost analysis of the solar energy system.

As in other solar-energy design simulations, the long
terﬁ averéée performance, instead of instantaneous rates of
energy collection and utilization, is used because of the
variability in the latter due to the weather. Consequently,
montaly average daily data is used to calculate tne perform-
ance. This data is applied to an "average" day during the
month and multiplied by the number of days in the month to
arrive at monthly totals. The day used for the "average"
day for each month is the day tnat most closely matches the
average day data for the month. This day is not necessarily

the midday of the month, see Table A-l1. (Ref 7)
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Table A-1 - Recommended Average Day for Each Month

Month Date Day of the year
January 17 17
February 16 47
March 16 73
April 15 105
May 15 135
June 11 162
July 17 198
August 16 223
September 15 258
October 15 288
November 14 318
December 10 344

To use tnis program one must input data about the weath-
er, position and orientation of tne collector and the Earth,
cnaracteristics of the collector and the energy transfer
and storage system, and the costs involved.

Mucn solar insolation data has been and is being col-
lected and tabulated by the U.S. Weather Bureau at approxi-
mately 80 cities across the country. Other data is recorded
and tabulated by the U.S. Weatner Bureau at all their
stations.

Data about the characteristics of the collector and the

energy storage and transfer systems can be obtained from
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manufacturers or found in engineering handbooks such as the

l.
2.
zontal

3.

;‘ l.
2.
I lector

3.

1.

2.

3.

ing.

"ASHRAE Handbook of Fundamentals".

L Data that can be obtained from the U.S. Weather Bureau

for each month:

The average daytime ambient temperature.
Montnly average daily total radiation on a hori-

surface.

Percentage of the time that snow of greater than

one inca thickness is present.

Data that is a function of the collector position and

orientation:

Slope of the collector from norizontal.
Azimuth angle, i.e., the angle between the col-
surface normal and the local meridian.

Latitude of the collector.

Data on tne characteristics of the collector:

Number of covers on the collector.

Surface area of the collector.

Thickness of the cover material.

Heat removal efficiency.

Heat loss coefficient.

Extinction coefficient of the cover material.
Index of refraction of the cover material.

Absorptivity of the collector absorber plate coat-
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9.
fluid.
l10.
fluid.
11.

tank.

Specific heat at constant pressure of the collector

Specific heat at constant pressure of the storage

Conductivity of the insulation around the storage

Otner data iancludes:

1.

Dirt factor, this is .02 unless it is known from

previous tests to be some other value.

2.

Flow rate of collector fluid through the collector.
Initial temperature of fluid entering tiae collector.
Temperature of room enclosing the storage tank.

Temperature of water as it enters the storage tank

from the main.

6.
7.
8.
9.

190.

Effectiveness of the heat exchanger.

Amount of fluid in the storage tank.

Surface area of the storage tank.

Thickness of the insulation around the storage tank.

Number of consecutive days in a month the program

is to run.
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Unless a system like the system in Fig A-1 is used, the
load used must be determined before the program is started
and entered on DATA Cards. Tine total load is found by
assuming that on the average, a family will use 25 gallons
of hot water per person per day. The DATA cards are broken
into 24 nourly amounts. The figure to enter for each hour
is the percentage of the daily total tanat is used tnat hour,
(e.g., DATA LOAD/.01, 0.0, 0.9, 0.0, 0.0, 0.0, .05, .19,

.10, .05, .07, .12, .../)
The operator must decide how many intervals to use on

the generalized K,, curve to integrate the area under the

T
curve to find the utilizability. The values of £ at the
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midpoint of each interval is used and must be entered on a

DATA card. The values of f to enter on the DATA cards are
found by dividing one by the number of intervals. There
will be one more value of £ than there are intervals. The
first value of f will always be 0. and the last value will
always be 1. For example, if ten intervals are desired

then the values of f will be:
DATA F/0., .1, .2, .3, .4, .5, .6, .7, .8, .9, 1.0/.

To integrate the area under the generalized KT curve
the values of KT for each value of £f on the DATA card
must be entered on the input data cards (cards 35a-1l). The
values of KT are found on Table A~2. Find the column that
matches the value of K& for the month (interpclation be-
tween columns may be necessary). Proceed down the column to
the first value of £f (interpolation is probably necessary)
and read the value of KT in the left column. This value
will be entered on card 35a. Next, proceed down the K

T
column to the next value of £ and read the value of KT
in the left column. Enter this value on card 35b. Do this
for all values of E£.

After deciding on the number of intervals, the DIMENSION
card must be completed. All values on the DIMENSION card

will be dimensioned as tiie number of intervals plus one,

except for the flow, which will always be 24.
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Table A-2. Generalized KT Curve Values

Value of f
K B
Ky T 3 .4 5 6 7
.04 .073 .015 .001 .000 .000
: .08 162 .070 .023 .008 .000
12 . 245 129 .045 .021 .007 1
.16 .299 .190 .082 .039 .007
.29 .395 . 249 121 .053 .007 1
.24 .496 .293 160 .075 .007
.28 .513 .346 .194 101 .013
.32 .579 .379 .234 .126 .013
.36 .623 .438 .277 152 .027
.40 637 .493 .323 191 .034
.44 .7438 .545 .358 .235 .047
.43 .793 .601 .400 .269 .054
.52 .824 .654 .460 .310 .081
.56 .861 719 .509 .360 .128
.60 .904 .760 .614 .410 161
.64 .936 .827 .703 467 .226
.63 .953 .888 792 .538 .295
.72 967 .931 .873 .648 .517
.76 .979 .967 .945 .758 .678
.80 . 986 .981 .980 .884 .859
.84 .993 .997 .993 .945 .940
.88 995 .999 1.000 .985 .980
.92 .998 .999 .996 1.000
.96 .998 1.000 .999
1.00 1.000 1.000
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The output of tine program includes all input data to
facilitate trouble shooting. The output is broken down
into nourly, monthly and yearly values. For each month the
declination, which is the angle of the sun at solar noon
witih respect to tihe plane of the Earth's equator with angles
north positive, is given. The sunset hour angle is the
angle betwecen tne collector surface normal and the sun's
rays at sunset. If this value is greater than 90 degrees,
the sun actually sets bechind the plane of the collector
surface so the collector is not collecting any beam radiation
after the sun passes through the plane. Tne extraterrestrial
radiation on a horizontal surface is the amount of radiation
that reaches the Earth's atmosphere at the given latitude.
The long term clearness index is the fraction of the radi-
ation that actually reaches the collector. It is never 1
because the radiation is reflected and absorbed by clouds,
pollution and any other particles that are suspended in the
atmosphere.

The hourly output begins with the hour from midnight to
one. Only items that are figured each hour are listed as
output. During every hour the storage tank can exchange
heat with the surroundings to the temperature of the fluid
in storage is listed. The load on the system can be used
during all hours and the backup heater must be used to fur-

nish the required energy, so the backup energy used is listed.
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If the sun is not high enough or is not in front of
the collector then no energy is collected and only the
solar zenith angle, whicih is the angle between the sun's
rays and the local vertical, the angle between the sun's
rays and the collector surface normal, and the ground
reflectance are added to the number of items listed.

When the sun is in a position to allow the collector to
operate, the monthly average instantaneous total radiation
on a tilted surface is listed. This is the hourly amount
of radiation taat is incident on each square foot of col-
lector area. Tne total transmittance is the fraction of
the radiation that is not absorbed or reflected by the
cover system. The shading factor is the fraction of the
collector absorber plate that is shaded by the vertical
sides of the collector. The effective transmittance-
absorptance product is the fraction of the total radiation
incident on the cover that is absorbed by the absorber
plate.

The ratio of critical radiation to monthly average
instant total radiation on a tilted surface is the ratio of
the critical radiation to the monthly average hourly
radiation on the surface. The critical radiation is the
irradiation at which energy is collected by and lost from
the collector at the same rate. The utilizability is the

fraction of the energy that is actually utilized and is
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used to find the amount of energy that is transferred to
storage.

At the end of the day the hourly totals are added to
give daily totals and then are multiplied by the days in
the month to give monthly totals. These monthly totals
include:

1. Total useful solar energy for the month (BTU}.

2. Monthly amount of hot water used (gal).

3. Monthly backup heat used (37TU).

4. Monthly total load used (BTU).

These monthly totals are added at the end of each month
to give year-to-date values of useful solar encrgy, backup
heat used, and total energy used.

To determine if the solar energy system is cost effecc-
tive, numerous items must be considered. These include the
cost of fuel, inflation, property taxes, income taxes,
insurance, maintenance as well as the initial cost of the
solar system equipment.

A life cycle cost analysis method similar to that used
by Beckman, Klein and Duffie (Ref 2) is used in this pro-
gram. In this system the net cost for heating is calculated
for each year and then discounted to present year dollars,
which accounts for the time value of money. This can be
done for each of the systems (solar and conventional) to

determine the most cost effective.
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In figuring the values to enter on the data cards, many
items must be considerced and scveral rates must be predicted

for the term of the analysis as average yearly rates, e.g.,

average yearly inflation rate.

If the backup system heater and conventional heater are

the same then the entries for cost of fuel and efficiencies

are the same, i.e., do not skip any input card. For an
electric heater the efficiency is 100%, for oil or gas the
efficiency can be as low as 50% or 60%. (Ref 2)

The property tax rate is ﬁsed to calculate the dollars
paid in taxes on each dollar investced. The largest tax
savings is in the income tax reductions. The tax bracket
can be figured as the state plus federsal tax bracket minus
the product of the two, assuming the same deductions are
allowed for both.

The first year non-solar fuecl expense is the total
expense for fuel without a solar energy system. It is
found by the annual heating load multiplied by the fuel

cost divided by the heater efficiency.

The outputs labeled LOAN PAYMENT, LOAN INTEREST, CAPITAL

COST, INSURANCE AND MAINTENANCE COST, and PROPERTY TAX . are
life cycle values as a fraction of the initial investment.
The output labeled RESIDENTIAL COSTS represents the total

life cycle cost as a fraction of the investment.
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The output labeled INVESTMENT IN SOLAR is the sum of
collector area dependent and independent costs. The FIRST
YEAR FUEL EXPENSE is the total heating load multiplied by
the fraction of energy not supplied by solar multiplied by
the cost of the solar backup fuel divided by the heater
efficiency. The output labeled FUEL SAVINGS is the life
cycle fuel savings. It is tne difference between the fucl
expense with solar and without solar times the inflation-
discount factor used to find the life cycle value. The
output labeled RESIDEHNTIAL EXPENSES is the life cycle ex-
pense and the output labeled RESIDENTIAL SAVINGS is the

life cycle saving for the solar energy system.
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Appendix B

} Data Cards

: This appendix contains a list of all the cards in the

input data deck. All cards must be input in the following
: order. Do not skip any card. All input data is real
! except wherc noted.
Card Input
No. Nomen. Format Units Explanation
1 LATD XX.X Degrees and The latitude of
tenths of a the collector. i
1 2 SD XX.X ' Degrees Slope of the col-
lector measured
‘ from horizontal.
3
3 CN X. none Number of covers
on the collector,
4 DGAMMA XX.X Degrees The azimuth angle
of collector (i.e.,
the angle between
the collector sur-
face normal and
the local merid-
ian). Angles west
of the local me-
ridian are positive.
5 AC XXX.X Sq. Ft. The surface area
of the collector.
6 THC < XXX Inches The thickness of
one layer of cover
material. '
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Card Input
No. Nomen. Format Units Explanation

7 EC « XXX per Inch Extinction co-
efficient of the
cover material.
The units on this
and on the thick-
ness must be co-
ordinatced so that
when multiplied,

3 the product is

dimensionless.

8 ETAC X. XXX none Index of refraction
h of the cover mate-
rial.

9 ALPHAN « XXX none Absorptivity of
the collector

1 absorber plate

; coating.,

10 FR . XX none Heat removal effi-
ciency of the col-
lector.

11 U « XX none Heat loss coeffi-~
; cient of the col-
: lector.

12 FLOWC XXXX.X 1b /hr Mass flow rate of

collector fluid.

13 CPC X.XX none Specific heat at
constant pressure
of the collector
fluid.

14 DF . XX none Dirt factor.
15 T3 XXX.X Degrees F Initial temperature

of the fluid in the
storage tank.

Degrees F Temperature of
water as it enters
the storage tank
from the main
supply




a4
-

Card Input
No. Nomen, Format Units Explanation

17 EFF X.XX none Efficiency of heat
exchanger. If no
heat exchanger is
being used between
the collector
fluid and the
storage fluid,
then enter 1.

18 PROG X. none Type of enecrgy
transfer and stor-
age system in use.
See Appendix A for
description of
systems. Enter 1
if the system 1is
similar to that in
Fig A-1. Enter 2
if the system is
similar to that in
Fig A-2, Enter 3
i1f the system is
similar to that in
Fig A-3,

19 MASS XXX. Gallons Amount of water in
the storage tank.

20 AREAST XXXX.X 8g. Ft. Surface area of the
storage tank. Units
on this item and the }
next two must be
coordinated.

21 THICKST X.X Inches Thickness of in-
sulation around
storage tank.

22 CONDST . XX BTU - in., Conductivity of
hr-sq. ft.-°F insulating mater=-
ial around stor-
age tank.

23 CPS X.XX none Specific heat at r
constant pressure
of the storage
fluid. 1

65




Card Input )
No. Nomen. Format Units Explanation

24 DAYPLOW XXX.X Gallons Daily amount of
hot water usage.
An average figure
is 20 or 25 gal-
lons per person
per day.

, 25 INT XX none Number of inter-
: vals desired on
the gencralized
KT curve (INTEGER).

‘ 26 ND X none Number of consec-
| utive days the

simulation is to
run. (INTEGER) U g

27 MON XX none This is the number
of months you want
the program to run.

: (INTEGER) .

Cards 28 through 351 must be entered for each month the
program is going to run.

28 DAY XXX. none The day of the year
(January 1 is day 1.,
December 31 is day
365).

29 TAMB XX.X Degreecs F The average ambi-
ent temperature
for the month.

30 HAVG XXXX.X BTU/hr-sq.ft. Long term average

daily radiation on
| a horizontal sur-
~ face.

‘ 31 KTAVG « XXX none Long term clearness

index. If it is
not known, enter
0.0 and the program
will compute it.
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Card Input
No. Nomen. Format Units Explanation

32 Ccp XXX.X none The percent of
time the ground is
covered with at
least one inch of
snow (40 percent
is entered as 40.,
not .4).

33 TROOM XX.X Degrees T Temperature of
room enclosing the
storage tank.

34 DAYMON XX. none Number of days in
the month being
considcred.

35a-1 DKT(L) « XXX none Values of KT for

the number of
intervals plus one
taken from the K

curve chart. Seg
Appendix A for
instructions on
finding values for

K
T

Cards 36 through 51 are for the cost analysis portion. If
a cost analysis is not desired, do not enter any more data
cards and the program will stop automatically.

36 AMIR « XXX none Annual mortgage
interest rate one
would pay for a
home improvement
loan to purchase
solar equipment.
{10 percent is
entered as .1)

37 YRMORT XX. Years Term of mortgage.

The number of years
to pay back the
loan,
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1 Card
! No. Nomen.
38 DNPMT
i 39 BUFCOST
i
i
| 40 CONFCST
T
41 BULEFT"
: 42 CONEFF
1
43 TAXRT
44 TAXBRKT
b
r 45 XTRINS

Input
Format Units

« XX none

XX . XX Dollars
million BIU

XX . XX Dollars
million BTU

X.XX

X. XX

« XXXX

« XXX

« XXX

68

Explanation

Down payment as a
fraction of the
initial cost. (10
percent down is
entered as .1)

Cost of fuel for
backup heater.

Cost of fuel for
conventional
heater.

Efficiency of the
backup heater (75
percent efficiency
is entered as .75)

Efficiency of the
conventional heater.

Property tax rate,
as a fraction of
the initial cost.

Effective income
tax bracket (fed-
eral + state -
federal x state),
if state and fed-
eral allow same
deductions).

Extra insurance
and maintenance
costs, as a frac-
tion of the in-
itial cost. These
are the estimated
lifetime costs
divided by the
lifetime and then
entered as a frac-
tion of the initial
cost.




Card Input
No. Nomen. Format Units Explanation

46 GENINF « XXX Gencral inflation
rate per ycar (10
percent is enter-
ed as .1)

47 FLINF X XXX Fuel inflation
rate per year.

48 DISCRT « XXX Discount rate,
i.e., the after tax
return on the best
alternative invest-
ment.

49 ANALTRM XX. Years Term of economic
analysis, this can
be the term of the
mortgage, the
anticipated life
of the system, orx
any other term
desired.

50 AREACST XXXX. X Dollars Cost per unit of

area for items

that are dependent

on the collector

area, e.g the col-
lector, supports,
installation charg-
es and part of the
storage unit.

o3

l

©v

Q
i
-

51 ARINCST XXXX.X Dollars Cost of the rest
of the equipnent
that is not de-
pendent on the col-
lector area, e.g.
pumps.
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Appendix C

Computer Program
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